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The capability of nanowires to relieve the stress introduced by lattice mismatching through radial 
relaxation opens the possibility to search for devices for optoelectronic applications. However, there are 
diﬃculties to fabricate, and therefore to explore the properties of nanowires with narrow diameters. Here 
we apply ﬁrst principles calculations to study the electronic and optical properties of narrow InAs1−xPx
nanowires. Our results show that the absorption threshold can be pushed to near-ultraviolet region, and 
suggests that arrays of these nanowires with different diameters and compositions could be used as 
devices acting from the mid-infrared to the near-ultraviolet region.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Semiconductor nanowires (NWs) have attractive characteristics 
for optoelectronic devices. Due to their quasi-one-dimensional na-
ture they are interesting both as active components or connective 
elements of high density integrated circuits [1–3]. For active elec-
tronic components, it is important that the NWs have high mo-
bility, and be easily p- and n-type doped. In optical elements it 
is desirable NWs having high optical quantum yields at the tar-
get range of frequencies. When searching NWs to perform speciﬁc 
tasks, it is useful to take the information from their bulk counter-
parts as a starting point, since it should be expected that the NWs 
will keep the general characteristic features of the corresponding 
bulk material. InAs bulk material shows one of the lowest effective 
masses among III–V semiconducting materials. On the other hand, 
InP is known to have direct band gap and optical response at in-
frared frequencies. Hence, InAs1−xPx alloy NWs can be expected to 
be potential candidates for optoelectronic applications [4–6].
Wallentin et al. [3] have recently fabricated InP NW arrays as 
solar cells with eﬃciencies up to 13.8%. This impressive result for 
pure InP NWs naturally leads to the search for InX1−xPx alloy NWs, 
with X = As, Sb, in which the band gap can tuned (red-shifted) 
by alloying at the cation sites. Actually, InAs1−xPx NWs have also 
been produced and tested as solar cells prototypes [7], showing 
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0375-9601/© 2014 Elsevier B.V. All rights reserved.conversion eﬃciencies up to now of only 3.6% under air mass 1.5 
illumination. Furthermore, in axially modulated NW heterostruc-
tures the strain on each segment of the NW is relieved by radial 
relaxation. This makes NW heterostructures suitable materials for 
tandem solar cells, since the NW segments, even with distinct lat-
tice constants, can be grown with, in principle, unlimited lengths.
One can think of high eﬃciency funnel-like tandem solar cells 
made of InAs1−xPx NWs, in which the phosphorus composition 
is gradually changed along the NW growing direction, as a way 
to extend the range of application of InP NW as solar cells. The 
band gap of NWs can also be varied with the NW diameter. Hence, 
forests of vertical InAs1−xPx NWs with (i) different diameters and 
(ii) axially modulated phosphorus contents could in principle be 
designed in order to produce NW-based tandem solar cells which 
would absorb the solar radiation in a very ample range of frequen-
cies.
The low energy limits for the absorbance of InAs1−xPx NWs 
with thick diameters are given by the well known optical re-
sponses of the bulk InP and InAs materials. For InAs1−xPx NWs 
with narrow diameters, on the other hand, the conﬁnement effect 
will increase the band gaps and shift the absorbances to higher 
energies. Unfortunately, it is still diﬃculty to the experimental-
ist nowadays to fabricate NWs with diameters approaching the 
Angstrom region. On the other hand, accurate theoretical calcula-
tions can be performed for narrow diameter NWs, which allows us 
to estimate their optical properties. Therefore, in this paper we use 
ﬁrst principles density functional theory to investigate the opti-
cal properties of narrow InAs1−xPx NWs, determining the variation, 
G.R. Toniolo et al. / Physics Letters A 378 (2014) 2872–2875 2873Fig. 1. Illustration of the (a) cross section, and (b) lateral views of the studied 
InAs1−xPx NWs. Red, green and grey balls represent the As, P and In atoms, re-
spectively. (For interpretation of the references to color in this ﬁgure legend, the 
reader is referred to the web version of this article.)
with composition x, of the dielectric function as well as their band 
edges discontinuities. Our results show that the band gap differ-
ence between the pure InAs and InP NWs are kept approximately 
the same as in their bulk counterparts, and that the threshold of 
the absorbance spectrum of the InAs1−xPx NWs can be pushed un-
til the near-ultraviolet region.
2. Methodology
We studied zinc-blende [111] InAs1−xPx NWs, x = 0.00,0.25,
0.50,0.75 and 1.00, with a diameter of approximatelly 1.0 nm, and 
a hexagonal cross section, see Fig. 1. The unit cell contains 38 In, 
and 38 As/P atoms. The dangling bonds at the NW surfaces were 
saturated with pseudo-H atoms [8]. The local density approxima-
tion [9] to the exchange and correlation functional was used to 
solve the Kohn–Sham equations [10]. The Projector Augmented-
Wave method [11] was used to represent the interaction between 
the ionic core and the valence electrons. The total energy was ob-
tained using 1 × 1 × 4 Monkhorst–Pack special k-points [12] in the 
reciprocal space, and a plane wave cutoff of 330 eV for the ex-
pansion of the Bloch functions. The geometry optimizations were 
carried out until the forces on the atoms were less than 0.05 eV/Å. 
The frequency dependent macroscopic dielectric matrix has been 
calculated within the random phase approximation (RPA), without 
local ﬁeld effects [13]. A total of 750 energy levels (182 occupied 
and 568 empty) have been considered in the calculation of the 
imaginary part of the dielectric matrix. All calculations were made 
using the VASP code [14,15].
For phosphorus contents of 25, 50, and 75%, we generated ﬁve 
different independent conﬁgurations, where the As and P atoms 
were randomly distributed among the available cation sites. The 
results presented for the properties calculated for a given alloy NW 
are the average of its ﬁve independent conﬁgurations.
3. Results and discussion
We started by studying the bulk InP and InAs materials. The 
calculated band gaps of the bulk InP and InAs are 0.52 and 
−0.34 eV, respectively. The negative band gap for the InAs means 
that the usual ordering of the band edges in III–V materials is in-
verted, with the s-like level of the cation (In) appearing below the 
anion (As, P) p-like level. The differences to the experimental band 
gaps (1.42 eV for InP, and 0.42 eV for InAs [16]) are 0.9 eV for 
InP and 0.76 eV for InAs. Deviations of the DFT/LDA results from 
the experimental band gaps values are very well known. The the-
oretical approaches that would allow a better prediction for the 
band gaps (hybrid functionals [17], GW approches [18]) are com-
putationally very demanding to be extended to the studied NWs. 
Hence, we preferred to maintain the same theoretical approach to 
both bulk and nanowire systems.Fig. 2. Calculated band gaps and band offsets for the InAs1−xPx NWs, shown as a 
quasi-continuous function of phosphorus percentage, x. The line shown as CBM′
corresponds to the CBM values obtained through a weighted rigid shift of the un-
occupied states. The nanowire at the bottom illustrates the varying compositions of 
the InAs1−xPx NWs.
Table 1
Calculated valence band offsets (VBO) and conduction band offsets for the LDA 
(CBO), and corrected band gaps (CBO′), in eV, for the InAs1−xPx NWs with different 
P contents. The experimental values are extracted from Fig. 3 of Ref. [19].
P content (%) VBO CBO CBO′ Exp
0 0.00 0.00 0.00 −0.06
25 0.01 0.17 0.21 0.10
50 −0.01 0.30 0.37 0.30
75 −0.04 0.39 0.50 0.50
100 −0.09 0.52 0.66 0.74
The LDA band gap values for the InAs1−xPx NWs were 1.78, 
1.94, 2.09, 2.21, 2.39 eV for x = 0.00, 0.25, 0.50, 0.75, and 1.00, re-
spectively. The difference of the band gaps for the InAs and InP 
pure NWs is 0.61 eV. This difference is close to the band gap 
difference for the bulk materials, as obtained from our ab ini-
tio calculations. It suggests that the evolution of the band gaps, 
due to conﬁnement effects, when one goes from the bulk to the 
NWs would occur at the same rate for each composition of the 
alloy NWs. Hence, we have applied a weighted rigid shift for the 
unoccupied states, changing the NW band gaps by Egap , accord-
ing to the following formula: EgapInAs1−xPx = 0.76(1 − x) + 0.9(x), 
with the corrected band gaps being given by Egap,sci = Egap +
Egap . The corrected band gaps are 2.54 (488.13), 2.74 (452.50), 
2.92 (424.60), 3.08 (402.55), and 3.29 (376.85) eV (nm), for x =
0.00, 0.25, 0.50, 0.75, and 1.00, respectively. It sets the upper lim-
its for the band gap energies (wavelenghts) of the InAs1−xPx NWs 
at the short-wavelenght-visible/near-ultraviolet region of the elec-
tromagnetic spectrum. Considering the lower limits for the band 
gaps of the InAs1−xPx NWS as those for the InAs and InP bulk ma-
terials, it can be seen that it is possible to get almost any band 
gap value within the range of interest for solar cells applications 
by varying the diameters and composition of the InAs1−xPx NWs.
For a InAs1−xPx NWs with a gradually varying phosphorus com-
position x along the NW axis, the valence band maximum (VBM) 
as well as the conduction band minimum (CBM) will change quasi-
continuously between the values for the pure InAs and InP NWs. 
Hence, the valence band offsets (VBO) and conduction band off-
sets (CBO) between the segments will also vary quasi-continuously 
along the InAs1−xPx NW. For each possible composition of the 
InAs1−xPx NW, there will be a different electrostatic potential act-
ing on the electrons, and it will deﬁne a different energy reference 
for the eigenvalues at each segment of the InAs1−xPx NW. In order 
to make a reasonable comparison among the VBM and CBM val-
ues obtained for the NWs with different x compositions, we have 
calculated the average electrostatic potential for each studied com-
position of the InAs1−xPx NWs. These values for the electrostatic 
potentials are then used as the reference energies for the VBM of 
each composition of the alloy NWs, which will allow to extract the 
VBO’s and CBO’s between the different segments of the InAs1−xPx
NW. The calculated VBO and CBO values for the studied compo-
2874 G.R. Toniolo et al. / Physics Letters A 378 (2014) 2872–2875Fig. 3. Calculated imaginary dielectric constant for incident light with polarization (a) parallel, and (b) perpendicular to the NW axis, as a function of the frequency of the 
incident photon. The different curves are related to the different compositions of the InAs1−xPx NWs, with x = 0.00, 0.25, 0.50, 0.75, and 1.00. The inset shows the region 
related to the absorbance threshold.sitions are listed in Table 1, along with the CBOs obtained using 
the weighted rigid shift for the band gaps. It is interesting to see 
that our CBO values are close to the results from X-ray energy 
dispersive spectroscopy measurements [19] obtained for wurtzite 
InAs1−xPx NWs with diameters  60 nm. The VBM and CBM pro-
ﬁles for each phosphorus x-composition can then be obtained by 
interpolating between the calculated values, as shown in Fig. 2. In 
this ﬁgure we show the CBM proﬁle for the band gaps both as ob-
tained in the DFT/LDA calculations and the corrected ones. As can 
be seen from Fig. 2, the VBM and CBM proﬁles are not straight 
lines, with the bowing coeﬃcients, b, extracted from the equation 
EXBMInAs1−xPx (x) = [(1 − x)EXBMInAs + xEXBMInP ] + bx(x − 1), with X = V or C , 
being 0.14, and 0.12 for the VBM and CBM respectively. These re-
sults lead to a band gap bowing coeﬃcient practically zero, with 
the band gap varying linearly from its value for the InAs to that 
for InP, which is agreement with photocurrent data for wurtzite 
InAs1−xPx NWs with diameters  85 nm [20]. It can also be com-
pared with the values for the bulk InAs1−xPx alloys, which vary 
from 0.09 to 0.38 [21].
The optical response of the InAs1−xPx NWs, more particularly 
their absorbance, can be estimated through the calculation of the 
imaginary part of the dielectric function, ε2(ω), where ω is the en-
ergy of the incident photon. The calculated ε2(ω) for the various 
composition of the InAs1−xPx NWs is shown in Fig. 3. Fig. 3a shows 
ε2,‖(ω) for the incident electromagnetic radiation polarized along 
the axial direction, and Fig. 3b the ε2,⊥(ω) for the perpendicularly 
polarized incident radiation. The shape of the curves for the vari-
ous P contents are very similar. The absorption peaks show a clear 
blue shift as the phosphorus content increases, which should be 
expected since band gap of InP is greater than that for the InAs. 
The ﬁrst absorption peak in Fig. 3a occurs at 1.83 eV (677.51 nm) 
for the pure InAs NW, with the peaks for the other NWs being at 
2.00 eV (25% P), 2.14 eV (50% P), 2.26 eV (75% P), and 2.43 eV 
(pure InP, corresponding to 510.22 nm). On the other hand, the 
ﬁrst peak for ε2,⊥(ω) appears at 2.41 eV, 0.58 eV above the ﬁrst 
peak for ε2,‖(ω). This difference between the ε2,‖(ω) and ε2,⊥(ω)
is due to the quantum conﬁnement in the directions perpendicular 
to the NW axis. Since the length of the NWs can be made micro-
meters long, whereas the diameter will be at most of hundreds 
of nm wide, it should be expected that the effective absorbance 
would be governed by the ε2,‖(ω) behavior.
The inclusion of local ﬁeld effects on the RPA results are seen 
to modify the ε2,⊥(ω) of semiconductor NWs, due to the highly 
non-homogeneous electron density at the non-periodic directions 
[22]. However, we are mainly interested on the threshold for the 
optical absorption, which is related to the ε2,‖(ω) behavior.We are not evaluating the oscillator strengths of these elec-
tronic transitions. It would require the solution of the Bethe–
Salpeter equation [23], which is a computationally prohibitive for 
the studied NWs. However, the band structures for the NWs show 
a direct band gap (not shown here) for all compositions, which 
suggests that the ﬁrst peaks in the imaginary dielectric constants 
would actually correspond to the threshold to the allowed elec-
tronic transitions, as in the corresponding bulk materials [24].
4. Conclusions
In summary, our ﬁrst principles results for electronic properties 
of narrow diameter of InAs1−xPx NWs show that the band edges 
have a slightly concave form and vary (quasi)continuously with the 
cation composition. The band gap bowing follows the Vegard’s law 
with small positive band edge bowings. The imaginary dielectric 
function reveals a red shift of 0.6 eV for increasing phosphorus 
content with the absorbance threshold being at the near-ultraviolet 
region.
Acknowledgements
This work was performed with funds from MCT/CNPq 307923/
2010-0 and CNPq/FAPERGS/PRONEX 10/0005-1. The Brazilian agen-
cy CAPES is thanked for scholarships (G.R.T. and J.A.)
References
[1] Y. Ye, L. Dai, L. Gan, H. Meng, Y. Dai, X. Guo, G. Qin, Nanoscale Res. Lett. 7 
(2012) 218.
[2] T.T.T. Vu, T. Zehender, M.A. Verheijen, S.R. Plissard, G.W.G. Immink, 
J.E. Haverkort, E.P.A.M. Bakkers, Nanotechnology 24 (2013) 115705.
[3] J. Walentin, N. Anttu, D. Asoli, M. Huffman, I. Åberg, M.H. Magnusson, G. Siefer, 
P. Fuss-Kailuweit, F. Dimroth, B. Witzigmann, H.Q. Xu, L. Samuelson, K. Deppert, 
M.T. Borgström, Science 339 (2013) 1057.
[4] X. Zhuang, C.Z. Ning, A. Pan, Adv. Mater. 24 (2012) 13.
[5] M. Amato, R. Rurali, M. Palummo, S. Ossicini, Chem. Rev. 114 (2014) 1371.
[6] B. Tian, T.J. Kempa, C.M. Lieber, Chem. Soc. Rev. 38 (2009) 16.
[7] J.C. Shin, A. Lee, P.K. Mohseni, D.Y. Kim, L. Yu, J.H. Kim, H.J. Kim, W.J. Choi, 
D. Wasserman, K.J. Choi, X. Li, ACS Nano 7 (2013) 5463.
[8] Pseudo-H atoms have fractional charges chosen to mimic the charges at bond-
ings in a bulk system. For example, the charges for pseudo-H atoms bonded to 
In [As] atoms should be 1.25 [0.75], instead of 1.0 for real H atoms.
[9] D.M. Ceperley, B.J. Alder, Phys. Rev. Lett. 45 (1980) 566.
[10] W. Kohn, L.J. Sham, Phys. Rev. 140 (1965) A1133.
[11] P.E. Blöchl, Phys. Rev. B 50 (1994) 17953.
[12] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976) 5188.
[13] M. Gajdoš, K. Hummer, G. Kresse, J. Furthmüller, F. Bechstedt, Phys. Rev. B 73 
(2006) 045112.
[14] G. Kresse, J. Furthmüller, Phys. Rev. B 54 (1996) 11169.
G.R. Toniolo et al. / Physics Letters A 378 (2014) 2872–2875 2875[15] J. Heyd, G.E. Scuseria, M. Ernzerhof, J. Chem. Phys. 118 (2003) 8207.
[16] Landolt-Börnstein, Semiconductors, Physics of Group IV Elements and III–V 
Compounds, New Series, Group III, vol. 17, Springer-Verlag, New York, 1982.
[17] J. Heyd, G.E. Scuseria, M. Ernzerhof, J. Chem. Phys. 124 (2006) 219906.
[18] L. Hedin, Phys. Rev. 139 (1965) A796.
[19] A.I. Persson, M.T. Björk, J. Jeppesen, J.B. Wagner, L.R. Wallenberg, Samuelson, 
Nano Lett. 6 (2006) 403.[20] J. Trägådh, A.I. Persson, J.B. Wagner, D. Hessman, L. Samuelson, J. Appl. Phys. 
101 (2007) 123701.
[21] I. Vurgaftman, J.R. Meyer, L.R. Ram-Mohan, J. Appl. Phys. 89 (2001) 5815.
[22] M. Bruno, M. Palummo, A. Marini, R.D. Sole, V. Olevano, A.N. Kholod, S. Ossicini, 
Phys. Rev. B 72 (2005) 153310.
[23] E.E. Salpeter, H.A. Bethe, Phys. Rev. 84 (1951) 1232.
[24] S. Adachi, J. Appl. Phys. 66 (1989) 6030.
